Adenosine deaminase (ADA) catalyzes the irreversible deamination of adenosine and deoxyadenosine to inosine and deoxyinosine, respectively. Mutations in the ADA gene that result in loss of enzyme activity cause severe combined immunodeficiency (1). Biochemical aberrations due to ADA deficiency have been delineated over the past 30 years, but it is still unclear why loss of this enzyme activity exhibits such profound effects on the immune system (reviewed in ref. 2). Adenosine and deoxyadenosine, the substrates of ADA, are generated in the microenvironment of emerging thymocytes through normal mechanisms of lymphocyte selection. Thymocytes failing developmental checkpoints die and are degraded by thymic macrophages (3) generating adenosine and deoxyadenosine (4, 5). In a normal thymus, ADA catabolizes these metabolites, but in ADA deficiency they accumulate (6, 7) and exert lymphotoxic effects either directly (2) or after conversion to phosphorylated derivatives such as AMP and dATP (2, (8) (9) (10) (11) . In an environment where up to 95% of the cells undergo programmed cell death, it is easy to visualize the potential of a cell to accumulate toxic levels of purine metabolites.
Introduction
Adenosine deaminase (ADA) catalyzes the irreversible deamination of adenosine and deoxyadenosine to inosine and deoxyinosine, respectively. Mutations in the ADA gene that result in loss of enzyme activity cause severe combined immunodeficiency (1) . Biochemical aberrations due to ADA deficiency have been delineated over the past 30 years, but it is still unclear why loss of this enzyme activity exhibits such profound effects on the immune system (reviewed in ref. 2) . Adenosine and deoxyadenosine, the substrates of ADA, are generated in the microenvironment of emerging thymocytes through normal mechanisms of lymphocyte selection. Thymocytes failing developmental checkpoints die and are degraded by thymic macrophages (3) generating adenosine and deoxyadenosine (4, 5) . In a normal thymus, ADA catabolizes these metabolites, but in ADA deficiency they accumulate (6, 7) and exert lymphotoxic effects either directly (2) or after conversion to phosphorylated derivatives such as AMP and dATP (2, (8) (9) (10) (11) . In an environment where up to 95% of the cells undergo programmed cell death, it is easy to visualize the potential of a cell to accumulate toxic levels of purine metabolites.
ADA-deficient murine fetal thymic organ culture (FTOC) is an excellent model of the human disease (12) because it exhibits many biochemical features of ADA-deficient patients, including ADA substrate and dATP accumulation as well as S-adenosylhomocysteine (SAH) hydrolase inhibition. Furthermore, the yield of thymocytes from ADA-deficient cultures is 85-95% less than in control cultures, with thymocyte development becoming progressively more impaired past the CD4 -CD8 -CD25 + CD44 -stage, the point where T cell receptor β (TCRβ) V→DJ gene rearrangements occur. This is presumably because of the accumulation of ADA substrates derived from thymocytes that fail to rearrange an in-frame TCRβ chain. This conclusion is supported by rescue of ADA-inhibited FTOCs by the pan-caspase inhibitor carbobenzoxyVal-Ala-Asp-fluoromethyl ketone (z-VADfmk). Inhibition of caspase activity prevents the accumulation of dATP, most likely by preventing the apoptotic death of thymocytes failing β selection. ADA-deficient FTOCs are also rescued by a Bcl-2 transgene or deletion of apoptotic protease-activating factor-1 (Apaf-1), providing further evidence of the involvement of apoptosis in the inhibition of lymphocyte development observed in our cultures. However, whether these latter cultures were rescued by prevention of substrate accumulation or by direct intervention in the mechanism of toxicity mediated by ADA substrates was not determined.
Adenosine, deoxyadenosine, AMP, and dATP have all been implicated in causing the lymphopenia observed in ADA deficiency (2) . Aberrant adenosine receptor engagement can induce thymocyte apoptosis in vitro. Inhibition of pyrimidine synthesis by AMP can starve developing cells of molecules required for both RNA and DNA production. Inhibition of SAH hydrolase by both adenosine and deoxyadenosine can result in feedback inhibition of methylation reactions required for cell viability. Inhibition of ribonucleotide reductase by dATP can prevent production of DNA precursors and thus inhibit cell proliferation. Phosphorylation events coupled with dATP-mediated stimulation of adenine ribonucleotide catabolism can deplete cellular ATP. Finally, dATP can induce mitochondrial cytochrome c release and subsequent apoptosis (11) . We show here that normalization of dATP levels by inhibition of adenosine kinase abrogates the effects of ADA deficiency in FTOC, suggesting that dATP is the toxic metabolite. Furthermore, since our cultures can also be rescued by a Bcl-2 transgene, our data are consistent with dATP-induced cytochrome c release from mitochondria followed by initiation of the apoptotic cascade as the mechanism of toxicity.
Methods
Mice. C57BL/6 mice (Taconic Farms, Germantown, New York, USA or The Jackson Laboratory, Bar Harbor, Maine, USA) and transgenic mice expressing Bcl-2 under the control of the lck proximal promoter (The Jackson Laboratory) (13) were purchased from the indicated sources. Transgenic mice expressing a rearranged OVA 257-264 -specific TCRβ chain (14) were obtained from Francis Carbone (Monash University, Melbourne, Australia). ADA-deficient (7), adenosine receptor 2a-deficient (A2aR-deficient) (15) , and A3R-deficient mice (16) have been described previously. The Ada gene-targeted allele has been designated m1. Because Ada m1/m1 mice are not viable, Ada m1/+ mice were bred to each other to obtain Ada m1/m1 fetal thymuses for FTOCs. Ada m1/+ and A3R -/-mice were crossed to produce Ada m1/+ A3R -/-mice. These mice were bred to each other to obtain Ada m1/m1 A3R -/-fetal thymuses for FTOC. All mice were bred and maintained in our animal facility under specific pathogen-free conditions (Laboratory Animal Resource Center, Oklahoma City, Oklahoma, USA) in accordance with procedures outlined in "Guide to Care and Use of Laboratory Animals" (National Research Council, Washington, D.C., USA).
Drugs and reagents. The specific ADA inhibitor, 2′-deoxycoformycin (17) FTOC. Thymuses were removed from fetuses derived from timed pregnant mice on day 14 or 15 of gestation and cultured in FTOC as described previously (12) . FTOCs with ADA-deficient lobes were performed in serum-free medium, HyQ-CCM1 (HyClone Laboratories, Logan, Utah, USA), supplemented with glutamine and antibiotics. In experiments with C57BL/6 fetuses, thymuses were separated into individual lobes, randomized, and cultured in the presence or absence of 5 µM dCF and/or test reagents. In FTOCs with transgenic or genetargeted mice, one lobe from each thymus was cultured under control conditions and the other under experimental conditions. At harvest, lobes of the pertinent genotypes were pooled and pushed through 70-µm nylon screens to make single cell suspensions. Cells were then counted and characterized for cell surface phenotype.
Genotyping. ADA-deficient thymuses derived from breeding either Ada m1/+ or Ada m1/+ A3R -/-mice were identified by ADA enzyme assays (19) on the corresponding fetal livers. TCRβ chain and Bcl-2 transgenic fetuses were identified by PCR on DNA extracted from fetal livers by digestion overnight at 55°C in proteinase K, followed by phenol/chloroform extraction and ethanol precipitation. For PCR, the following conditions were used in a 20-µl reaction: 2.5 mM MgCl 2 , 200 µM dNTPs, 1 µM each primer, and 2 U of Taq polymerase (Roche Applied Science, Nutley, New Jersey, USA). The PCR primers were as follows: (a) TCRβ, forward, 5′-TCCAGTCTCCAAGACACATAATC-3′ and reverse, 5′-GACCGAAGTACTGTTCATAATTG-3′ and (b) Bcl-2, forward, 5′-GTAGCCATTGCAGCTAGGTG-3′ and reverse, 5′-CTTTGTGGAACTGTACGGCCCCAGCAT- GCG Ab's and immunofluorescent staining. Staining was performed with the following Ab's as described previously (20) : FITC-rat anti-CD4 (PharMingen, San Diego, California, USA) and phycoerythrin-rat (PE) CD8α (Caltag Laboratories Inc., Burlingame, California, USA) using isotype-matched rat myeloma proteins as controls. Propidium iodide (PI) was added to all stains (5 µg/ml) to exclude dead cells from analysis. Data were collected on 20,000-50,000 cells using a Becton-Dickinson FACScan or FACSCalibur (Becton Dickinson Immunocytometry Systems, Mountain View, California, USA) and analyzed with CELLQuest software (Becton Dickinson Immunocytometry Systems).
Adenosine receptor expression. Adenosine receptor expression was analyzed by RT-PCR with RNA prepared from day-15 fetal thymocytes according to standard protocols. The PCR primers were: A1R, forward, 5′-AGGCACTTCGCGATGCTA-3′ and reverse, 5′-CCTTTTTGTTGAGCTGCTTA-3′; A2aR, forward, 5′-GGATCAACAGCAACCTGC-3′ and reverse, 5′-CTTC-CTTCTGCAGTGTGGA-3′; A2bR, forward, 5′-CAGCTA-GAGACGCAAGAC-3′ and reverse, 5′-GAGGACAG-CAGCTTTTATTC-3′; A3R, forward, 5′-GGTCAAGCT-GACAGTCAGAT-3′ and reverse, 5′-CAAACAAGAAGA-GAACCAGAAA-3′; and β-actin, forward, 5′-CCTAA-GGCCAACCGTGAAAAG-3′ and reverse, 5′-TCTTCATG-GTGCTAGGAGCCA-3′. The PCR conditions for the A1R, A2aR, A3R, and β-actin were: 95°C for 5 minutes, 58°C for 1 minute, 72°C for 1 minute, once; 95°C for 1 minute, 58°C for 1 minute, 72°C for 1 minute, 40 times. The PCR conditions for the A2bR were identical, except that the annealing temperature was 52°C. The PCR products were separated on agarose gels and visualized by EtBr staining.
dATP measurements. Single cell suspensions were prepared at 4°C from 25-40 cultured thymic lobes. Aliquots were removed for cell counts and CD4/CD8 staining, and the remaining cells were pelleted by a 20-second spin at 16,000 g in a microcentrifuge. After aspiration of supernatant, the thymocytes were resuspended with vigorous vortexing in 0.5 ml of 60% methanol and extracted overnight on dry ice. dATP levels were determined by HPLC as previously described (7).
SAH hydrolase enzyme assays. Cultured thymic lobes were rinsed with cold PBS and then flash-frozen in liquid nitrogen and stored at -80°C prior to analysis. SAH hydrolase enzyme activities were determined by measuring the formation of SAH from homocysteine and radiolabeled adenosine as described previously (7).
Results
A transgenic TCRβ chain partially corrects the effects of ADA inhibition. ADA deficiency causes a block in thymocyte development past the point of β selection (12) because of the accumulation of ADA substrates derived from apoptotic thymocytes failing this developmental checkpoint. This assertion is supported by the rescue of ADA-deficient FTOCs by the pan-caspase inhibitor, z-VADfmk, along with normalization of levels of dATP. We reasoned that a TCRβ chain transgene should also correct the effects of ADA deficiency by preventing thymocyte death by neglect due to failure of β selection. As expected, dCF inhibited the development of thymocytes in 2-day FTOCs with control littermates of TCRβ chain transgenic mice, as shown by both a decrease in the cell yield and in the percentages of CD4 + CD8 + thymocytes (Figure 1, a and b) . As predicted, a TCRβ chain transgene rescued thymocyte differentiation in ADA-inhibited cultures. TCRβ transgenic lobes treated with 5 µM dCF produced 17-fold more CD4 + CD8 + (double positive [DP]) thymocytes than similarly treated littermate control lobes ( Figure 1, b and d) . Rescue was only partial, however, because dCF-treated transgenic cultures had just 72% of the number of thymocytes as transgenic media control cultures (Figure 1, c and d) . These data suggest that ADA substrates derive not only from thymocytes that fail β selection but also from those that fail positive and negative selection. The correction observed in transgenic cultures likely resulted from thymocyte expansion and differentiation during a period of delayed accumulation of toxic levels of ADA substrates. Expression of the transgene did not prevent dATP accumulation (data not shown), suggesting that this phenomenon occurs for only a very narrow window in time, perhaps because the cultures are not perfectly synchronized and apoptosis due to failure at the positive/negative selection checkpoint may occur in some cells earlier than β selection in others. Further experiments revealed that the degree of rescue, defined as ( number of DP thymocytes per lobe from dCF-treated transgenic cultures)/(number of DP thymocytes per lobe from control transgenic cultures) × 100, was dependent upon the length of the cultures; rescue was essentially complete in 1-day cultures and declined as the culture period lengthened (Figure 1e ). Rescue was also poor if cultures were initiated after a significant number of thymocytes had already passed the β selection checkpoint (data not shown).
Inhibition of adenosine kinase corrects thymocyte development within ADA-inhibited FTOC. To differentiate between toxicity induced by nonphosphorylated versus phosphorylated forms of ADA substrates, we evaluated the ability of an adenosine kinase inhibitor to correct thymocyte development in ADA-deficient murine FTOCs. In the mouse, the conversion of adenosine and deoxyadenosine to AMP and dAMP, respectively, is dependent primarily upon the activity of adenosine kinase (21) . Treatment of ADA-inhibited lobes with the adenosine kinase inhibitor, 5′A5′dAdo, for 5 days resulted in a tenfold increase (range: 5.5 to tenfold) in cell recovery and a 44-fold increase (range: 27-to 47-fold) in the absolute numbers of CD4 + CD8 + thymocytes per lobe (Figure 2, b  and d) . Five-day cultures of genetically ADA-deficient fetal thymic lobes (Ada m1/m1 ) gave similar results, as did experiments with an alternate adenosine kinase inhibitor, 5′-iodotubercidin (data not shown). These findings demonstrate that inhibition of adenosine kinase largely abrogates the effects of ADA deficiency, as judged by thymocyte differentiation and proliferation, and indicate that the inhibition of thymocyte development in ADA-deficient FTOC is due to a phosphorylated form of an ADA substrate and not adenosine or deoxyadenosine.
Neither aberrant adenosine receptor engagement nor SAH hydrolase inhibition are responsible for the inhibition of thymocyte production in ADA-deficient FTOC. To confirm the assertion that adenosine and deoxyadenosine are not directly responsible for the lymphotoxicity in ADA deficiency, we evaluated two mechanisms by which these molecules have been hypothesized to inhibit lymphocyte development: aberrant engagement of adenosine receptors and inhibition of SAH hydrolase. RT-PCR revealed that A2aR, A2bR, and A3R were expressed in murine thymus at day 15 of gestation (Figure 3) , the time when the FTOC cultures were initiated, validating the potential of these receptors as mediators of toxicity due to ADA inhibition.
To address involvement of individual adenosine receptors in ADA deficiency, fetal thymuses from A2aR and A3R knockout mice were used in ADA-deficient FTOC. The absence of either receptor did not seem to be deleterious to developing thymocytes because CD4/CD8 expression profiles were similar between receptor knockout ( Figure 4 , c and e) and wild-type fetal thymuses ( Figure 4a , and data not shown). An absence of either the A2aR or A3R failed to provide protection from the consequences of ADA deficiency. In dCF-treated A2aR -/-FTOCs (Figure 4d ) there was a 91% and greater than 99% inhibition in the absolute numbers of total and CD4 + CD8 + thymocytes per lobe, respectively, compared with control cultures (Figure 4c) . Similarly, in FTOCs with Ada m1/m1 A3R -/-thymuses (Figure 4f ), the yields of total and CD4 + CD8 + thymocytes were decreased by 96% and 98%, respectively, compared with FTOCs with Ada + A3R -/-thymuses (Figure 4e) .
We next used the general adenosine receptor agonist, NECA, to evaluate the potential role of the A2bR as well as the possibility that multiple adenosine receptors needed to be engaged to see an effect on thymocyte develop-
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Figure 2
Inhibition of adenosine kinase rescues thymocyte development within ADA-inhibited FTOC. FTOCs were performed with C57BL/6 thymuses at day 15 of gestation in media alone (a), 5 µM dCF (b), 1 µM 5′A5′dAdo (c), or 5 µM dCF plus 1 µM 5′A5′dAdo (d). After 5 days, thymocytes were harvested, counted, and stained with FITC-anti-CD4, PE-anti-CD8, and PI to exclude dead cells. The data are representative of one experiment out of four.
Figure 3
Adenosine receptor expression in murine fetal thymocytes. Adenosine receptor expression was analyzed by RT-PCR with RNA from day-15 fetal thymocytes (T). Brain tissue (B) was used as a positive control. RT-PCR was also performed with primers specific for β-actin. PCR products were visualized by EtBr staining after separation on a 2% agarose gel. The molecular-weight markers are a HaeIII digest of φX174 DNA.
ment. However, NECA, at concentrations up to 100 µM, did not prove deleterious as judged by CD4/CD8 expression profiles and fetal thymic lobe cellularity ( Figure 5 , a and b). Likewise, the general adenosine receptor antagonist, XAC, at 25 µM failed to protect developing thymocytes from the consequences of ADA deficiency (Figure 5 , e and f). FTOCs treated with XAC and dCF exhibited decreases in absolute numbers of total (86%) and CD4 + CD8 + thymocytes (94%) per lobe, similar to cultures treated with dCF alone (85% and 97%, respectively). Taken together, these data suggest that adenosine receptor engagement is not the mechanism by which ADA deficiency inhibits T cell development. An additional consequence of ADA deficiency is inhibition of SAH hydrolase by adenosine or deoxyadenosine (22, 23) , potentially leading to decreased cellular transmethylation reactions (24) . In 3-day FTOCs, rescue of ADA-deficient FTOCs by an adenosine kinase inhibitor (Figure 2 ) did not prevent inhibition of SAH hydrolase ( Figure 6 ); enzyme activity was inhibited by approximately 85% in ADA-deficient cultures, irrespective of adenosine kinase inhibition. Thus, inhibition of SAH hydrolase is not the mechanism responsible for the inhibition of thymocyte development in ADA-deficient FTOC.
Inhibition of adenosine kinase prevents the accumulation of dATP in ADA-inhibited FTOC. The ability of 5′A5′dAdo to correct thymocyte differentiation in ADA-deficient cultures led to the conclusion that lymphotoxicity was caused by a phosphorylated ADA substrate. To confirm this, we measured dATP in ADA-inhibited cultures corrected by 5′A5′dAdo. The dATP accumulation was inhibited by 90% compared with cultures treated with dCF alone (Figure 7) . Thus, rescue of thymocyte differentiation in ADA-deficient FTOC by adenosine kinase inhibition correlated with a decrease in dATP levels.
Overexpression of Bcl-2 corrects the effects of ADA inhibition but does not prevent dATP accumulation. We reported previously that ADA-deficient FTOCs could be rescued by overexpression of a Bcl-2 transgene (12). To determine whether Bcl-2 acted to prevent death by neglect of thymocytes failing developmental checkpoints (thus limiting the availability of ADA substrates) or to prevent apoptosis induced by ADA substrate accumulation, we measured dATP in dCF-treated FTOCs from Bcl-2 transgenic mice and control littermates (Figure 8 ). The dATP was elevated an average of 2.5-fold in the Bcl-2 cultures compared with those from control littermates. These data indicate that Bcl-2 does not prevent ADA substrate accumulation, but rather inhibits its effects, and are consistent with mitochondrial-dependent apoptosis as the route by which thymocyte development is impaired by ADA deficiency. activity blocks the development of T cells. Previous work from our group (12) demonstrated that the earliest effects of ADA deficiency on thymocyte development were caused by the accumulation of ADA substrates derived from thymocytes undergoing apoptosis. The pan-caspase inhibitor, z-VADfmk, both corrected differentiation and prevented the accumulation of dATP, presumably by inhibiting the death of thymocytes that failed β selection. This hypothesis was further corroborated in the present study by the ability of an in-frame TCRβ chain transgene to partially correct thymocyte differentiation in short-term ADA-deficient FTOCs. The transgene failed to provide substantial protection in cultures longer than 2 days, however, probably because of the accumulation of ADA substrates derived from thymocytes failing positive selection, because a transgenic TCRβ chain does not assure TCRs competent to recognize self peptide plus MHC when paired with endogenous rearranged TCRα chains. Indeed, dATP was quite elevated in 3.5-day ADA-inhibited FTOCs with TCRβ chain transgenic thymuses (data not shown). We next employed 5′A5′dAdo, a potent inhibitor of adenosine kinase, the primary enzyme responsible for the phosphorylation of both adenosine and deoxyadenosine in murine thymus (21) , to address the question of whether toxicity is mediated directly by ADA substrates or by phosphorylated derivatives. Correction of thymocyte differentiation with a concomitant 90% reduction in cellular dATP levels argues strongly against mechanisms of toxicity mediated by adenosine and deoxyadenosine and suggests that the culprit is dATP. To strengthen this assertion, various proposed mechanisms of toxicity due to adenosine and deoxyadenosine or their metabolites were evaluated.
One proposed mechanism of toxicity was adenosine receptor signaling, because engagement of these receptors induces apoptosis in thymocyte suspensions (25) (26) (27) (28) . However, ADA-deficient FTOCs performed with thymuses from A2aR and A3R knockout mice revealed no protective effect. Since the absence of a single adenosine receptor might not prevent toxicity, the general adenosine receptor antagonist XAC was tested for its ability to protect ADA-deficient FTOCs. Prevention of adenosine receptor engagement did not affect normal thymocyte differentiation nor did it protect developing thymocytes from the effects of ADA deficiency. In a parallel approach, FTOCs were performed with NECA, a general adenosine receptor agonist, to see if this agent would mimic the consequences of ADA deficiency. NECA, used at concentrations up to 1,000-fold higher than necessary for inducing apoptosis of thymocytes in suspension cultures, had no observable deleterious effects on thymocyte differentiation or proliferation. The reason why NECA induces apoptosis in thymocyte suspensions, but not in FTOC, is unknown, but may be related to protective signals from thymic stromal cells or some other component of the thymic microenvironment. These results suggest that aberrant adenosine receptor engagement is not the mechanism responsible for thymocyte depletion due to ADA deficiency. Our conclusions are thus different from those of Apasov et al. (29) who studied the toxicity of adenosine on thymocyte suspensions in the presence of an ADA inhibitor. However, it is important to note that they used adenosine at 100 µM, a concentration that is probably never achieved in our FTOCs, and that the consequences of adenosine exposure may be different in isolated thy-
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Figure 6
Rescue of ADA-inhibited FTOCs with an adenosine kinase inhibitor does not prevent inhibition of SAH hydrolase. FTOCs were performed with C57BL/6 thymuses at day 15 of gestation with media, 5 µM dCF, 1 µM 5′A5′dAdo, or 5 µM dCF plus 1 µM 5′A5′dAdo. After 3 days, SAH hydrolase enzyme activity was assessed in extracts of 25-30 fetal thymic lobes. The data are represented as the means (+ SD) of two independent experiments, each assayed in duplicate. mocytes compared with those in the thymic microenvironment as stated above. Inhibition of SAH hydrolase was another potential mechanism of toxicity mediated by adenosine and deoxyadenosine. This enzyme degrades SAH, a product of transmethylation reactions where S-adenosylmethionine (SAM) is the methyl donor. Elevated adenosine can force reversal of the hydrolytic reaction to form SAH from adenosine and homocysteine (22) . Deoxyadenosine acts as a "suicide" inhibitor, forming a covalent bond within the active site of the enzyme (23) . Elevated levels of SAH, relative to SAM, as a consequence of SAH hydrolase inhibition, can lead to inhibition of multiple cellular methylation reactions (24) . Our observation that SAH hydrolase enzyme activity remained inhibited in ADA-deficient cultures rescued by 5′A5′dAdo argues strongly against SAH hydrolase inhibition as the mechanism by which ADA deficiency inhibits thymocyte development in FTOC.
With experimental evidence from our lab (12) and others (2) indicating that toxicity associated with ADA deficiency correlated with elevations in dATP, we next explored potential routes of toxicity associated with this molecule. There are two major mechanisms by which dATP could deleteriously affect developing thymocytes: allosteric inhibition of ribonucleotide reductase (30, 31) , the enzyme that generates deoxyribonucleotides needed for DNA synthesis, and induction of apoptosis (11) . Our data indicate that the dATP levels attained in ADA-inhibited FTOCs must be insufficient to inhibit the generation of deoxyribonucleotides, because thymocyte proliferation is normal in dCFtreated FTOCs with Bcl-2 transgenic thymocytes where dATP levels are hyperelevated.
dATP has the potential to promote apoptosis at two points. First, dATP can induce the release of cytochrome c from isolated mitochondria (11) . Cytochrome c release correlates with mitochondrial membrane changes and the release of other proapoptogenic factors, initiating the irreversible effector phase of apoptosis and making this event the "point of no return" in the execution of cell suicide programs (32, 33) . Second, dATP interacts with Apaf-1, cytochrome c, and procaspase-9 to form the apoptosome (34) , resulting in activation of caspase-9 and triggering of the apoptotic cascade. We favor the more proximal point of dATP action because overexpression of Bcl-2, a protein that regulates cytochrome c efflux to the cytoplasm, provides more protection for ADA-deficient FTOCs than deletion of Apaf-1 (12) . This would be expected if cytochrome c release were the critical event, given that Bcl-2 is upstream of Apaf-1. If the primary role of dATP were to contribute to apoptosome formation, removal of Apaf-1 or other components of the apoptosome should be equally effective in affording protection to ADA-deficient FTOCs. This is an important distinction, because a deoxyadenosine analogue, 2-chlorodeoxyadenosine, has been proposed to trigger apoptosis of leukemic cells via the interaction of its triphosphorylated derivative, 2-Cl-dATP, with subapoptogenic levels of cytochrome c present in the cytoplasm (35) . Further experimentation will be necessary to prove directly that dATP causes cytochrome c release from mitochondria in ADA-deficient FTOCs. Our data do not rule out the possibility that dATP could act indirectly by interfering with some crucial event in thymocyte development such that apoptosis is induced in a mitochondrial-dependent fashion. However, this unspecified event is unlikely to be TCR gene rearrangement, because this was found to be normal in ADA-deficient FTOCs (12) .
Our experiments also provide a new perspective on the routes by which thymocytes die by apoptosis during development. The observation that dATP is hyperelevated in ADA-deficient FTOCs with thymuses from Bcl-2 transgenic mice argues that Bcl-2 does not prevent the death of thymocytes that fail positive/negative selection -otherwise, dATP levels would have normalized. Furthermore, the fact that dATP is hyperelevated relative to dCF-treated FTOCs with wild-type thymuses suggests that larger quantities of ADA substrates are generated from cells failing positive/negative selection than from those failing β selection. This is not surprising given the high degree of cellular expansion when thymocytes pass the β selection checkpoint (36) . Experiments are underway to determine whether thymocytes at later stages of development are also sensitive to the consequences of elevated dATP, and if so, by what mechanism. It will also be important to determine whether our conclusions are applicable to human thymocyte development by using a model system, such as chimeric human/mouse FTOC (37) , where human thymocyte development takes place in vitro. These studies are also in progress. We anticipate that continued use of in vitro models of thymocyte differentiation to study ADA deficiency will not only shed additional light on the pathogenesis of this immunodeficiency but will also further our understanding of normal programs of T cell development. 
